We recently identified dynamin as a third nucleotide-sensitive microtubule-associated protein in brain tissue, in addition to kinesin and cytoplasmic dynein. Molecular cloning analysis has revealed that dynamin contains the three consensus elements characteristic of GTP-binding proteins, and biochemical results support a role for GTP in dynamin function. Dynamin is also homologous to the Mx proteins, involved in interferon-induced viral resistance, and the product of the yeast VPS1 gene, involved in vacuolar protein sorting. These results identify a novel class of GTP-utilizing proteins, with apparently diverse functions.
Introduction
In recent years two distinct molecular motors have been identified which are capable of producing force in opposite directions along microtubules -kinesin and cytoplasmic dynein (reviewed by Vallee and Shpetner, 1990; Vallee and Bloom, 1991) . In the course of our initial characteriz ation of cytoplasmic dynein (Paschal et al. 1987; Paschal and Vallee, 1987) , a third nucleotide-sensitive micro tubule binding protein was identified in brain tissue, which was termed dynamin (Shpetner and Vallee, 1989) . On the basis of cDNA cloning analysis, we have now obtained the predicted primary sequence of the principal polypeptide component of dynamin (Obar et al. 1990) . In this chapter we briefly review the biochemical properties of dynamin, and discuss the implications of the primary structure data.
bundle. Addition of ATP induced fragmentation of the bundles, some of which showed evidence of elongation as well. This behavior, like the ATPase activity, required both the 100 x 103 Mr dynamin polypeptide and the soluble activating fraction. These observations combined with the biochemical data led to the proposal that dynamin was a third microtubule-related mechanochemical enzyme, with an apparent role in inter-microtubule sliding.
Primary structure of dynamin
To obtain further insight into the mechanism of action of dynamin and its relationship to other proteins, a rat brain cDNA library was screened with anti-dynamin antibodies. A 3.2 kbp cDNA clone was obtained which appeared to encode the entire 100xl03Mr polypeptide (Obar et al. 1990 ). Located near the N terminus (Figs 1, 2) was the nucleotide binding consensus element GX4GKS(T) (Walker et al. 1982; Fry et al. 1986 ). This element is common to both ATP and GTP binding proteins. Surpris ingly, two additional elements common only to GTPbinding proteins were found downstream (Figs 1, 2) . The third element is considered to be of particular importance in specifying guanine nucleotide binding (Dever et al. 1987) . Curiously, kinesin heavy chain was found to contain the second GTP-binding consensus element (Obar et al. 1990 ; Fig. 2 ), but lacked the third element. Kinesin can hydrolyze GTP and use it for force production, though based on the relative Km values for ATP and GTP (Cohn et al. 1989; reviewed by Vallee and Shpetner, 1990) it is thought to use ATP as its physiological substrate. Because some additional sequence similarity was observed be tween kinesin heavy chain and dynamin surrounding the second GTP-binding consensus element, it is possible that this region has been conserved for other functional purposes such as microtubule binding. Hence, conser vation of the second GTP-binding consensus element in kinesin could represent a secondary evolutionary effect.
Examination of several protein and nucleic acid se quence databases revealed extensive sequence homology between dynamin and a class of interferon-inducible proteins termed Mx. Expression of Mx in transfected cells (Staeheli et al. 1986) or transgenic mice (Amheiter et al. 1990 ) has been found to be sufficient to induce resistance to viral infection, though the detailed mechanism of this process is not understood.
Recent analysis of yeast protein sorting mutants has revealed another dynamin homologue, VPSlp (Rothman et al. 1990) . Mutations in the VPS1 gene interfere with the normal transport of proteins from the Golgi apparatus to the vacuole, a large, degradative organelle. What may be the same or a very closely related gene, SP015, has also been identified as the locus of a sporulation mutation (Yeh et al. unpublished data) . This mutation causes arrest in meiosis, and mutant cells have been found to be defective in meiotic spindle pole body separation. It is not yet known whether the protein sorting and meiotic phenotypes result from distinct mutations in the same gene, or whether they are different manifestations of the same mutation.
Homology between dynamin, VPSlp, and the Mx proteins is most striking within a 288 amino acid N-terminal domain, which contains the three GTPbinding consensus elements. This is in contrast to the more limited sequence similarity between dynamin, VPSlp, Mx, and other classes of GTP-binding protein such as ras and the G proteins, which is restricted to the three short GTP-binding consensus elements. Within the 288 amino acid N-terminal domain, Dynamin and VPSlp show 66% amino acid identity. Sequence conservation between dynamin and Mx is lower within this domain (43% amino acid identity), as is conservation between VPSlp and Mx (44 % amino acid identity). This is despite the fact that the available sequence data for dynamin and the Mx proteins are derived from vertebrate species (rat in the case of dynamin vs. mouse, human and fish in the case of Mx) in contrast to VPSlp, which is known so far known only in yeast. Thus, dynamin is more likely to be functionally related to VPSlp than to Mx.
Nucleotide specificity ,
The identification of GTP-binding consensus elements in dynamin has prompted further analysis of its substrate specificity. Previous evidence indicated that GTP, at least at high concentrations, was as effective as ATP in extracting dynamin from microtubules (Shpetner and Vallee, 1989) . Analysis of the substrate preference of dynamin has now revealed that the purified 100x103Mr polypeptide is a potent GTPase (Shpetner and Vallee, 1990) . While both ATPase and GTPase activities were low in the absence of microtubules (less than lOnmolmin-1 mg-1), hydrolysis of GTP, but not ATP, was dramatically stimulated by microtubules. Microtubule-stimulated GTPase activity was not inhibited by ATP, a further indication that GTP is likely to be the substrate for dynamin in the cell. Why, then, is ATPase activity detected in dynamin preparations? One possible scenario involves nucleoside diphosphokinase (NDPK) activity, which has been reported to co-purify with brain microtubules (Penningroth and Kirschner, 1977; Burns and Islam, 1981) . NDPK in the soluble 'activating' fraction, which is separated from dynamin during purification (Shpetner and Vallee, 1989) , could use ATP to phosphorylate residual GDP, which would, in turn, be hydrolysed by dynamin. The GDP might well be present as a remnant of the high levels of GTP added during microtubule extraction, or it could be released from tubulin or even dynamin itself. In this scenario, the activator could be a combination of NDPK and GDP, though other regulatory factors may also be present in this fraction.
Functional implications
The pattern of homology between dynamin, Mx, and
(1 1 6 -1 1 9 ) (2 9 2 -2 9 5 ) (2 4 8 -2 5 1 ) (1 3 5 -1 3 8 conservation between Mx, dynamin, and VPSlp could signify a common feature of their mechanism of action that has yet to be identified (Fig. 3 ). Finally, it is possible that while the three classes of protein evolved from a common ancestor, their functions have diverged. This could well be the case for the Mx proteins versus the other family members. However, it seems less likely for dynamin versus V PSlp considering their remarkable sequence conservation. One goal of further work on these proteins will be to identify common features in their mechanism of action.
References Fig. 3 . Hypothetical structural relationship between members of the dynamin gene family. Conserved domains are heavily shaded with GTP-binding consensus elements as filled rectangles. Less well-conserved domains are more lightly shaded. The conserved amino-terminal domains are assumed to be globular as in more well-characterized GTP-binding proteins, such as Gs alpha. The remainder of the molecules are arbitrarily drawn. The carboxy-terminal 1 0 x l0 3Mr of the dynamin polypeptide is proline rich (32 %) and very basic (pl=12.5). Such a region would be expected to interact with microtubules, though this remains to be tested experimentally.
VPSlp is strikingly reminiscent of that among the members of the myosin and kinesin families (Kiehart, 1990; Vale and Goldstein, 1990) . It is tempting to speculate that the 288 amino acid conserved N-terminal domain represents a force-producing 'head' as in the case of the myosins and kinesins. This region contains the apparent site for nucleotide binding, as in the other protein classes. It remains to be seen whether it also interacts with microtubules. This is an important issue to resolve, as the mechanism of action of the three proteins is incompletely understood. Dynamin has been most extensively analysed biochemi cally, and its properties indicate a role in microtubule mechanochemistry. However, its specific cellular role remains to be determined.
It is not yet certain whether the product of the VPS1 gene interacts with microtubules. There is no direct evidence for an involvement of microtubules in vacuolar protein sorting. However, the vacuole has been reported to vesiculate under microtubule-disrupting conditions (Guthrie and Wickner, 1988) . This suggests at minimum a role for microtubules in maintaining the structural integrity of the vacuole. The defect in meiotic spindle pole separation seen in the SP015 mutant is reminiscent of the mitotic phenotype seen for the BimC mutant in Aspergil lus (Enos and Morris, 1990 ). An attractive hypothesis is that both cases represent a failure in the mechanochemical machinery associated with the spindle microtubules.
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